Cell cultures retaining properties of the human proximal tubule were utilized to determine whether or not the aminoglycoside antibiotics alter paracellular transport. The transepithelial resistance (R,) of the human proximal tubule (HPT) cell monolayers was determined by Ussing chamber analysis of cells grown on permeable supports. This analysis revealed that RT was reduced as a result of aminoglycoside exposure and that the reduction corresponded to the known clinical nephrotoxicities of the aminoglycosides. Variation in the aminoglycoside concentration necessary to elicit this response was documented using 14 individual cell isolates. Ultrastructural analysis provided evidence indicating that the alterations in RT were not associated with general damage to the HPT cells. An examination of the structure of the tight junctions by freezefracture analysis demonstrated only minimal alteration of the sealing strands as a result of aminoglycoside exposure. Consequently, the reductions in R, were not directly associated with discernible tight junction structural alterations. Alteration in the paracellular route of transport, as indicated by altered RT values, was clearly documented as a result of aminoglycoside exposure. In addition, this alteration was accompanied by an increased density of intramembrane particles within the apical cell membrane.
INTRODUCTION
The aminoglycoside antibiotics are extremely useful in the management of Gram-negative bacterial infections; however, their use is associated with acute nephrotoxicity affecting the cells of the proximal tubule. This toxicity may remain subclinical or progress to acute renal failure (1 1, 13, 29) .
It is estimated that 53% of patients treated with gentamicin suffer some form of renal damage (13, 14) . Recent studies have provided insight into the cellular mechanisms by which aminoglycosides elicit cellular injury. Gentamicin is freely filtered by the kidney and binds to apical membrane acidic phospholipids, primarily phosphatidylinositol (1 1, 17, 20) . The majority of the bound aminoglycoside is internalized via endocytosis, resulting in the formation of myeloid bodies, a hallmark of aminoglycoside administration (1 6, 23, 32) . Since binding transport of salt and water (5) . When grown on permeable supports, the differentiated transport function of these monolayers can be monitored through spontaneously generated electrical parameters. The electrical determinations in these studies support cell origin from the proximal tubule (2, 26) . Likewise, the response of the cells to stimulation with parathyroid hormone was consistent with that expected of cells from the proximal tubule (7, 15) . Furthermore, initial assessment of the HPT cells as a model system for aminoglycoside nephrotoxicity demonstrated that the cells displayed release of apical enzymes, myeloid body formation, cell toxicity, and cell regeneration (19, 21, 22, 36) , cumulative findings consistent with in vivo observations (1, 1 1, 29) .
Recently, the short circuit current (Isc) and potential difference developed by these cell monolayers were utilized by this laboratory to determine whether or not aminoglycoside exposure would alter transcellular electrogenic sodium transport of HPT cells. The results of this determination demonstrated that exposure to gentamicin, at levels below that producing cell necrosis, caused a marked reduction in Isc and that this reduction followed the known in vivo nephrotoxicities of the aminoglycosides: streptomycin, gentamicin, and neomycin (25) . It was further determined that this alteration in electrogenic transport by gentamicin was mediated through exposure of the drug to the basolateral cell surface. It was concluded through a similar analysis on a total of 14 isolates of HPT cells that the aminoglycosides repeatedly reduced the electrogenic transcellular sodium transport of HPT cells. In the present report, the measurement of transepithelial electrical resistance (RT) and ultrastructural analysis (including freeze-fracture) are combined to determine whether or not the aminoglycoside antibiotics alter the paracellular transport properties and apical membrane structure of the HPT cells.
W T E R I A L S AND METHODS
Tissue Culttire. Stock cultures of HPT cells were grown in 75 cm2 T-flasks using procedures described previously by this laboratory (5) . Briefly, the growth medium was a serum-free formulation consisting of a 1:l mixture of Dulbecco's modified Eagle's medium (GIBCO, Grand Island, NY, USA) and Ham's F-12 growth medium (GIBCO) supplemented with selenium (5 ng/ml), insulin (5 pg/ml), transferrin (5 pg/ml), hydrocortisone (36 ng/ml), triiodothyronine (4 pg/ml), and epidermal growth factor (10 ng/ml). All growth medium supplements were obtained from Collaborative Research (Lexington, MA, USA). The growth surface was treated with a matrix consisting of bovine type 1 collagen (Collagen Corp., Palo Alto, CA, USA) with adsorbed fetal calf serum (GIBCO) proteins as previously described (5) . The cells were fed fresh growth medium every 3 days and, at confluency (normally 7 days postsubculture), were subcultured using trypsin-EDTA (0.05%, 0.02%; GIB-CO) at eithera 1 :2 ratio into additional tissue culture plasticware or at a 3:l ratio onto Millicell-HA 30mm filter inserts (Millipore Corp., Bedford, MA, USA). The aminoglycosides ( U S Biochemicals, Cleveland, OH, USA) streptomycin, gentamicin, and neomycin were added to the medium prior to the growth factors and then the aminoglycoside-containing medium was sterile-filtered.
Fourteen independent isolates of human proximal tubule cells were utilized in the present studies. Cells were isolated from normal cortical tissue obtained by nephrectomy for renal cell carcinoma (1 2 cases), Wilms' tumor (1 case), and transplant (1 case). All tissue was obtained from preexisting clinical specimens after completion of diagnostic protocols.
R, (Ussirig Cltanrber). Confluent monolayers of
HPT cells between passage numbers 4 and 7 were subcultured onto Millicell HA filter inserts and fed fresh growth medium every 3 days until confluent.
At the appropriate interval, the cells were refed with identical medium containing the aminoglycosides at concentrations noted in the text. Both the apical and basolateral compartments of the inserts contained 2.0 ml of growth medium. The cell monolayers were placed into Ussing chambers and 6athed with a modified Krebs-Henseleit solution aerated with 5% CO, in air as described previously (26) . The specific RT was determined by clamping the monolayer at a hyperpolarizing voltage of 1 mV for approximately 1 sec and observing the resulting transepithelial current. Data were analyzed with Systat software and, when multiple groups were analyzed, the Tukey HSD test was used for comparison between groups when analysis of variance revealed differences between groups.
Ultrastrzictzire. For ultrastructural analysis, the cultured cells were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min in situ.
The cells were then rinsed 2 times with phosphatebuffered saline (pH 7.4) and postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer for 1 hr. The cells were rinsed, routinely dehydrated in a graded series of ethanol, and infiltrated and embedded in tEpon 8 12. Upon polymerization, portions of the resulting filter preparation were cut and reembedded in additional tEpon 812 in 2 spatial orientations. In this manner, ultrathin sections were obtained in planes that were precisely parallel and perpendicular to the growth surface. Sections were stained with uranyl acetate and lead citrate, viewed, and photographed using a JEOL 100s electron microscope. TOXICOLOGIC PATHOLOGY The detailed freeze-fracture procedures utilized for generating large numbers of fractures of cultured cells has been published previously (28). Briefly, the cells were fixed by treatment with 2.5% glutaraldehyde in culture medium for 1 hr followed by 25% glycerol in culture medium for 30 min. Filters with attached cell monolayers were removed from the plastic inserts and cut into squares measuring approximately 2 mm2. Using a tuberculin syringe and needle, a small drop of polyvinyl alcohol was placed on a 3-mm gold specimen carrier. A section of filter, drained of excess fluid, was placed cell side up on the polyvinyl alcohol. A second drop of polyvinyl alcohol was placed on the surface of the monolayer.
A strip of mylar (2 x 4 mm) was positioned on the second drop of polyvinyl alcohol so that one end overlapped the edge of the filter and specimen carrier. The resulting assembly was frozen in a liquidsolid nitrogen slush and mounted on a standard 3-position Balzers specimen table. Using a Balzers BAF 400T freeze-etch unit, fractures were obtained at -105°C and mbar by positioning the knife blade beneath the free edge of the mylar strip and raising the knife blade. Following platinum/carbon and carbon deposition, the replicas with attached cells and filter were floated from the specimen carriers in physiologic saline. The filters were dissolved in chromic-sulfuric acid and the replicas placed in 50% chromic-sulfuric acid overnight. Replicas were rinsed 3 times with distilled water, mounted on copper grids, and viewed in a JEOL 100s electron microscope.
Analysis of characteristics specific for various aspects of the cell membrane was accomplished using the Zeiss IBAS 2000 image analysis system utilizing positive prints of freeze-fracture replicas. Low-magnification micrographs (final enlargement, x 25,000) were used for reference purposes, and higher magnification micrographs ( x 75,000) were used for quantitative analysis. The number of intramembranous particles (IMPS) was determined using the method outlined by Usui et a1 (30) . Tight junction sealing strands were counted using positive prints at a final magnification of x 75,000. The number of strands was determined by counting the strands intersecting a line perpendicular to the cell margin at 0.5-pm intervals.
RESULTS

R, of HPT Cells Exposed to
Amiiioglycosides of Varying Toxicity
In a previous study, 3 isolates of HPT cells were used to define the effective concentration range of aminoglycoside exposure for cells grown on permeable supports (25) . These identical isolates were used in the present study to determine whether or not the RT of HPT cell monolayers was affected by exposure to aminoglycosides known to have varying in vivo toxicity. For this, streptomycin, gentamicin, and neomycin were chosen for examination, with known toxicity in the order neomycin > gentamicin > streptomycin. For these 3 isolates, the aminoglycoside exposure that could be effectively utilized varied between 250 and 1,000 gg/ml. With an aminoglycoside exposure of 250 gg/ml for 1 of the 3 HPT cell isolates, there was a time-dependent decrease in the RT of the HPT cells ( Fig. 1 ). Within the initial 24 hr of exposure, there was no significant change in the RT of the HPT cells due to aminoglycoside exposure. In contrast, following 4 days of exposure, there was a significant decrease (a = 0.05) in the RT of the cells exposed to either gentamicin or neomycin. Following 7 days of exposure, there was a clear and significant (a = 0.001) decrease in RT for each aminoglycoside-treated culture when compared to control cells not exposed to the aminoglycosides. At both 4 and 7 days of exposure, the decrease in RT demonstrated a pattern that followed the known in vivo nephrotoxicities of the aminoglycosides. Comparison of the aminoglycoside-treated cells at day 7 revealed significant differences (a = 0.00 1) between streptomycin and either gentamicin or neomycin and between gentamicin and neomycin (a = 0.05). The 2 additional isolates demonstrated identical results.
Ultrastriictiiral Properties of HPT Cells Exposed to
Aminoglycosides of Varyiiig Toxicity
Previous studies from this laboratory have described the morphological and ultrastructural characteristics of tight junctions in HPT cells under con-trol conditions (2, 5, 27) . Each ofthe aminoglycosides utilized in the present study evoked alterations in HPT structure as compared to control cells. These alterations are detailed for the same isolate of HPT cells already described for R, measurements when cells were exposed to 250 pg/ml of the aminoglycosides for 4 days.
The HPT cells treated with neomycin exhibited several alterations in membrane structure. 'Apical microvilli were greatly reduced in number, although, when present, displayed a glycocalyx similar to that of untreated HPT cells ( Fig. 2a ). Transmission electron microscopy of thin sections revealed intact zonula occludens and desmosomes in the junctional complex. Below the junctional complex, lateral and basolateral membranes of adjacent cells were tightly opposed. Control HPT cells normally exhibit elaborate interdigitation and expansion of surface area at these sites. Exposure to neomycin clearly and repeatedly eliminated such elaboration. The presence of coated vesicles and pits, normally observed along the lateral membranes of control cells, was also very infrequent in the neomycintreated cells. In general, intracellular organelles were noted to be sparse with few mitochondria and an absence of myeloid bodies; however, polyribosomal aggregates were more numerous than in control cells. Freeze-fracture of neomycin-treated cells revealed limited evidence for alterations in the integrity of the tight junctions. While sealing strand numbers were not significantly reduced ( Fig. 2b) , altered arrangement of the strands could occasionally be observed ( Fig. 2c, d ). These areas of the tight junctions contained disorganized arrangements of strands with unattached strands separated from the intersecting network. In addition, large particles of a diameter approximately 2-3 times that of IMPS were observed near or in contact with the sealing strands. Aggregates of IMPS were also observed near sealing strands, perhaps resulting from a disassembly of those strands (Fig. 2d ).
Gentamicin-treated HPT cells revealed fewer membrane-associated alterations. Apical membranes included the normal complement of microvilli as revealed in thin sections ( Fig. 3a, b ) and freeze-fracture replicas (Fig. 3c ). Lateral membranes of adjacent cells formed intact tight junctions below which the membranes were closely interdigitated ( Fig. 3a, b ). Numerous coated vesicles were observed adjacent to the interdigitating lateral membranes. The vesicles were observed in greater numbers than seen in control cells (Fig. 3a) . The increased frequency of these vesicles was reflected in their appearance in freeze-fracture replicas (Fig. 3c ). Intracellular organelles were otherwise unaltered when compared to control cells with the exception of my-eloid bodies, which were more frequently observed in the cytoplasm of the gentamicin-treated cells. Freeze-fracture replicas revealed no alterations in sealing strand number, arrangement, or structure when compared to control profiles.
Streptomycin-treated HPT cells showed little evidence of structural alteration (Fig. 4a ). Microvilli were normal in number and structpre. Lateral membranes included intact junctional complexes as well as elaborate interdigitation with adjacent cells. As seen in gentamicin-treated cells, coated vesicles and pits were observed adjacent to the interdigitating membranes. The increased frequency of these vesicles was further indicated by their appearance in freeze-fracture replicas (Fig. 4b ). Intracellular organelles were normal in appearacce and included frequent myeloid bodies (Fig. 4a, inset) . Freeze-fracture of tight junctions indicated no alterations in sealing strand number, structure, or arrangement ( Fig. 4b) .
Overall, the ultrastructural changes induced by exposure to neomycin elicited the greatest morphological alteration and exposure to streptomycin the least deviation from control morphology, consistent with the known nephrotoxic potentials ofthese drugs. The two additional isolates yielded similar results.
Variation in Response of R, of Itidividiial
Isolates of HPT Cells Exposed to Gentamiciii
The initial assessment of the HPT cells exposed to aminoglycosides of different clinical nephrotoxicities delineated several other questions. First, these initial determinations suggested a heterogeneity from isolate to isolate in the amount of aminoglycoside necessary to alter RT. To further explore this possible heterogeneous response, 1 1 additional isolates of HPT cells were exposed to 250, 500, and 1,000 pg/ml of gentamicin and the RT was determined following 4 days of exposure. These determinations, combined with the 3 previous isolates, clearly demonstrated that the concentration of gentamicin necessary to elicit a reduction in RT varied significantly among individual isolates of HPT cells ( Fig. 5 ). For the 14 isolates, the minimum exposure necessary to elicit a significant reduction (a = 0.05) in RT was 250 pg/ml for 5 isolates (H, K, L, M y N); 500 pg/ ml for 3 isolates (F, G, I); and 1,000 pg/ml for 3 isolates (A, C, J). Three of the 14 isolates (By D, E) did not exhibit a significant reduction in RT even when exposed to 1,000 pg/ml of gentamicin. The results clearly demonstrated that there does exist a significant heterogeneity in response among the HPT cell isolates.
The antibiotic. For the preceding 14 isolates, it was determined whether the effect ofgentamicin (250,500, and 1,000 pglml for 4 days) on RT was influenced by selective apical or basolateral drug exposure. As expected, the 3 isolates that demonstrated no change in RT upon dual exposure also demonstrated no reduction in RT when exposed selectively. For the remaining 1 1 isolates, selective apical or basolateral exposure was as effective in reducing RT as was combined apical and basolateral exposure. Of these 11 isolates, 2 isolates demonstrated a trend toward greater apical selectivity and 2 toward greater basolateral selectivity, although neither trend was significant. This study effectively demonstrated that the reduction of RT could be mediated by either apical or basolateral exposure.
Eflect of Geritaitiiciri on the Striictiire of
Tight Jtinctions
The initial assessment of the HPT cells exposed to aminoglycosides of different clinical nephrotoxicities demonstrated a significant reduction in RT and limited evidence for alterations in tight junction structure. As such, a more thorough analysis of the HPT cell tight junctions was undertaken for 4 isolates (A, E, L, J) exposed to 1,000 pg/ml of gentamicin for 4 days. Controls consisted of cells from the 4 identical isolates never exposed to gentamicin.
Replicas obtained from the fractured control cells displayed profiles of tight junctions that vaned in complexity along their length from a single strand to arrangements of 9 sealing strands. This variability in complexity along the length of a junction was visible within a single low-magnification field (Fig.  6a) . Analysis of numerous profiles demonstrated that control cells displayed an overall average of 3 sealing strands. This determination was made by counting the number of sealing strands intersecting a line drawn parallel to the apical-to-basal axis of the cell at 0.5-pm intervals along the junction and calculation of the mean value (Table I ). In no instance was the tight junction composed of more than 9 sealing strands in the control cells (Table I ).
An identical examination of the same isolates exposed to 1,000 pglml of gentamicin yielded the visual impression that the majority of the tight junction profiles were indistinguishable from those of control cells. For more precise comparison to controls, each gentamicin treatment group was divided into subgroups depending on whether or not the profile contained a number of sealing strands greater than 9 (the maximum number observed in control cells). When this grouping was performed, it was evident that approximately 90% of the junctions in treated cells from all 4 isolates were indistinguish- able from those ofcontrol cells (Table I ). In contrast, 5-10% of the tight junction profiles from each of the aminoglycoside-treated isolates clearly displayed more than 9 sealing strands, the maximum number observed in control cells (Table I) . Many of the junctions that included more than 9 sealing strands were so complex that the actual number of strands could not be accurately determined (Fig. 6b ). Profiles such as these were largely responsible for the increased strand numbers noted for gentamicintreated cells shown in Table I . In areas where the junction exceeded 9 strands, a moderate amount of blebbing was observed between strands.
A second alteration noted in the aminoglycosidetreated cells, but not indicated in Table I , was the observation of patches of isolated sealing strands in areas of the apical (Fig. 6c ) or basolateral cell membrane (Fig. 6d ). These sealing strand patches were clearly distant and separated from the "beltlike" tight junctional complex of sealing strands separating the apical and basolateral membrane domains of the cell. When the isolated patches of strands were noted, there was no indication ofa change in fracture plane or that the fracture plane had jumped to the membrane of an adjacent cell. Overall, the results were consistent with a limited, but tangible, disruption of tight junctions for HPT cells exposed to gentamicin.
Efect of Geiitainicin on the Distribution of IMPs
The initial assessment of the HPT cells exposed to aminoglycosides of different clinical nephrotoxicities also demonstrated ultrastructural evidence for alterations in the cell membrane. To explore this finding further, a freeze-fracture analysis of the distribution of IMPS between the apical and basolateral cell membrane domains was undertaken. An alteration could involve a redistribution of IMPs between the apical and basolateral domains or a change in absolute number in either domain. To determine whether or not exposure of the HPT cells to gentamicin was associated with such a change, the IMP distribution was determined for 3 isolates of HPT cells. Two of the 3 isolates (A, J) chosen for analysis exhibited a significant reduction in R, when exposed to 1,000 pg/ml of gentamicin but exhibited no reduction at an exposure of 250 pg/ml. The third iso- late (E) chosen for analysis demonstrated no reduction in RT at either exposure level to gentamicin. The analysis of these 3 isolates clearly demonstrated that there was a significant alteration in IMPs (a = 0.05) only under conditions where gentamicin elicited significant reductions in RT (Table 11 ). This alteration in IMP distribution was demonstrated to involve an increase in the number of apical membrane IMPs, while the number of basolateral IMPS remained constant. Thus, gentamicin exposure, sufficient to reduce RT, was associated with an increase in apical, but not basolateral, membrane IMPs.
DISCUSSION
A common and convenient method to measure the permeability of the tight junction (zonula occludens) is to place electrodes on either side of the epithelium and to determine the RT. Because plasma membrane resistances are relatively high, RT values reflect the resistance to current flow through the zonula occludens and, thus, its ionic permeability (4, 6, 8, 24) . This method was utilized in the present study to determine whether or not aminoglycosides altered the permeability of the tight junctions of HPT cells. In initial studies on 3 isolates of HPT cells, it was clearly demonstrated that RT decreased as a consequence of aminoglycoside exposure. Furthermore, it was clearly demonstrated that this decrease in RT followed the known in viso rank of clinical nephrotoxicities (1, 10, 11, 13, 30) , with neomycin causing the largest alteration in RT, streptomycin the least, and gentamicin intermediate between the 2 extremes. The finding that the reduction in RT and the clinical nephrotoxicities did correlate provides evidence that the changes noted may be directly related to the toxicity of the aminoglycosides.
In the preceding studies, the concentration of the aminoglycosides needed to elicit a reduction in RT varied from 250 to 1,000 pglml among the 3 individual isolates of HPT cells. This finding was of interest because the determinants of aminoglycoside nephrotoxicity are not known in the clinical setting. Whether the variable nature of aminoglycoside-induced nephrotoxicity can be ascribed to a patient's risk factors or represent inherent differences in the patients themselves remains unknown (1 , 10, 11, 13, 29) . Due to this interesting question, it was determined whether or not the alterations in RT elicited by aminoglycosides varied among a larger series of independent isolates of HPT cells. The results of this study clearly demonstrated that the 14 isolates of HPT cells assessed displayed an appreciable heterogeneity in the amount of gentamicin necessary to reduce RT. Five isolates required 250 pglml of gentamicin, 3 500 pg/ml, and 3 1,000 pg/ml, and 3 isolates failed to respond to the maximal dose of 1,000 pg/ml of gentamicin. The 3 isolates that did not respond to the 1,000 pglml of gentamicin could not be tested further due to a lack of supply (the mortal nature of the HPT cell isolates). However, 2 additional cell lines with identical nonresponsiveness did demonstrate a reduction in RT following 10 days of gentamicin exposure (D. A. Sens, unpublished observation), providing evidence that completely resistant cells do not exist. The finding that the independent isolates of HPT cells demonstrated differing susceptibilities to gentamkin is in agreement with the clinical experience with these antibiotics in regard to their nephrotoxicity.
The growth of the HPT cells on permeable supports also allows the selective exposure of gentamicin to either the apical or basolateral surface. This property was utilized to determine whether the re- duction in RT was a result of apical or basolateral exposure to gentamicin. The results of this determination demonstrated that the reduction in RT was mediated equally through either apical or basolateral exposure to gentamicin. In contrast to these findings, a previous study by this laboratory that demonstrated the reduction of another electrical parameter, Isc, for these identical HPT cell isolates exposed to gentamicin (25) was selectively mediated by basolateral exposure. The ability to separate apical and basolateral exposure is an important property of the HPT cell system because the apical and basolateral contributions to aminoglycoside nephrotoxicity have not been fully defined. It is well established that, in viw, basolateral uptake of aminoglycosides is quantitatively less significant than apical uptake of these drugs (1 1, 13) . However, as reviewed by Bennett (l), there are reasons to believe that the basolateral route of uptake may also be important. This is based on the fact that while brushborder receptor-mediated binding and cellular uptake of aminoglycosides is well established (20) , cell necrosis can also be dissociated from intracellular aminoglycoside concentrations (1 8) . It is possible that basolateral uptake is more critical to nephrotoxicity because it allows for drug exposure to critical sites such as mitochondria and microsomes (33, 34) . In the present case, the overall electrical analysis of paracellular transport demonstrated that aminoglycosides do affect the permeability properties of the tight junctions of these renal epithelial cells. Furthermore, it is clearly demonstrated in this study that the reduction in RT can occur from exposure to aminoglycoside from either aspect of the cell surface.
One concern with the preceding finding is the possibility that the alteration in RT is simply a nonspecific indicator of general cell damage by the aminoglycosides; however, the ultrastructural results are not supportive of this supposition. The ultrastructural examination of the initial 3 isolates exposed to gentamicin disclosed no ultrastructural features indicative of appreciable cell damage. The cell membranes and organelles were largely unaltered as a consequence of gentamicin exposure, as documented in both routine electron microscopy and freeze-fracture profiles. This was further confirmed by freeze-fracture examination of 1 1 additional isolates of HPT cells exposed to gentamicin; all profiles had no features associated with obvious cell damage. Pyknotic nuclei were not noted in any of the cultures examined. In all instances, ultrastructural examination of HPT cells treated with the aminoglycosides demonstrated occasional cytopIasmic myeloid bodies, a hallmark of aminoglycoside exposure (3 1) . The formation of these structures preceded the development of a significant decreases in RT. The significance of this finding, however, is difficult to determine because there are divergent views on the role of myeloid bodies in aminoglycoside nephrotoxicity. As reviewed by Hottendorf and Williams (lo) , one view is that the cell necrosis observed in the proximal tubule is due to an aminoglycosideinduced alteration in lysosomal function. Alternatively, an opposing view is that the myeloid body may simply be a marker ofdrug administration and not toxicity. This view is supported by the fact that many other drugs are known to produce myeloid bodies without eliciting toxicity and the fact that myeloid bodies occur throughout the proximal tubule whereas necrosis is focal in nature. In agreement with this second view, previous studies with the HPT cells demonstrated an inverse relationship between myeloid body formation and the known clinical nephrotoxicities of the aminoglycosides (2 1).
However, for each individual aminoglycoside, myeloid bodies increased as time of exposure and cell death increased. Regardless of myeloid body formation, the ultrastructural findings supported the concept that the changes in RT as a consequence of aminoglycoside exposure were not simply artifacts of a dying and severely damaged cell.
The finding that the structure ofthe tight junctions of the HPT cells appeared largely unaltered when exposed to concentrations of gentamicin that reduced the RT was very interesting. The structure of the tight junction was visualized using freeze-fracture electron microscopy, a technique that splits the membrane bilayers and exposes structures contained within the hydrophobic interior. The tight junction appears as a network of branching and anastomosing fibrils lying within the plane of the membrane at the interface of the lateral and apical membrane domains (24) . The number of these fibrils encountered along the apical-lateral axis has been hypothesized to have an inverse logarithmic relationship with junctional permeability (3, 24) ; that is, as RT is reduced, the number ofsealing strands would be likewise reduced. However, in the present study this was clearly not the case. For the initial 3 isolates, the tight junctions of the cells were assessed for the average number of strands and the angle of intersection of the strands, with neither parameter being significantly altered by any of the 3 aminoglycosides. The HPT cells exposed to neomycin did show rare profiles with alterations in the structure of the tight junctions, as evidenced by fragmented sealing strands and aggregates of IMP-like material; cells exposed to gentamicin and streptomycin did not show such alterations. An even more extensive investigation of tight junction structure was undertaken using 4 isolates of cells exposed to 1,000 & ml of gentamicin. The results demonstrated, in agreement with the preceding findings, that the majority of the tight junctional profiles appeared identical to control cells. Thus, for the HPT cells exposed to the aminoglycosides, the reduction in RT could not be correlated to changes in the tight junctional sealing strands.
The possibilities underlying the inability to correlate the number of tight junctional sealing strands to RT are numerous and reflect the rapidly advancing concept that the tight junction is a dynamic, rather than a static, structure. As reviewed by Gonzalez-Mariscal(9), the value of RT generated by the tight junctional sealing strands could be modified by a number of factors. To date, these include the following: the percentage ofjunctional segments with a given number of strands; the length of the junctional cleft, given by the number of cells per unit area and the interdigitation of their borders; the length, width, and tortuosity of the intercellular space; the existence of channels; the location (compartmentation) of channels within the junctional strands; the biochemical state ofthe junctional components; and the interaction of the strands with the cytoskeleton. These dynamic mechanisms may singly or collectively contribute to the generation of Rr for HPT cells exposed to the aminoglycoside antibiotics. Most importantly, although potential mechanistic contributions to the RT cannot be currently favored or eliminated, the findings point out a complete lack ofcorrelation between tight junction strand number and R, in a pathological state. This underscores the important concept that both electrical and ultrastructural observations are necessary before drawing conclusions about the overall structure and function of the tight junction.
There did exist a minority (approximately 10%) population of junctional profiles that contained complex arrays of sealing strands or arrays of sealing strands within areas of the apical membrane not associated with the apex of the cells. These alterations in tight junction structure, while probably not related to alterations in RT, might indicate an alteration in the apical membrane of the HPT cells exposed to the aminoglycosides. To gain an overall general view of apical membrane structure, an analysis of the distribution of IMPs was undertaken. These particles are thought to represent the proteinaceous complexes comprising ion channels, pumps, and enzymes within the cell membrane and would be expected to demonstrate whether or not an alteration in composition of the apical and basolateral membranes had occurred due to gentamicin exposure. Two possible alterations in the cell membrane may be disclosed by this technique. One is the finding of an altered or redistributed popu-lation of IMPs in the apical and basolateral membrane such that the total IMP number remains the same. The second would be an alteration of total IMP numbers by an increase in apical IMPs or basolateral IMPs.
To assess these 2 possibilities, alterations in cell membrane distribution of IMPs as a function of gentamicin exposure were determined. Three isolates of HPT cells were examined at gentamicin concentrations of 250 and 1,000 pg/ml. For the 3 isolates of HPT cells that were examined, there was a significant alteration in the IMP number at gentamicin concentrations that elicited reductions in RT.
At gentamicin concentrations that did not elicit a reduction in Rr, there was no alteration in IMP population. In other words, the alteration in IMP number did correlate with the reduction in RT. This alteration in IMPs appeared as an increase in overall IMP number, with increased numbers occurring within the apical domain while the basolateral domain remained consistent with control values. Such an alteration would be more suggestive ofalterations in membrane trafficking and/or sorting than a redistribution due to tight junction alteration.
In summary, using human cultured renal proximal tubule cells, alterations in the paracellular route of transport were clearly documented as a result of aminoglycoside exposure. This alteration was accompanied by an altered concentration of IMPs within the apical cell membrane.
